A method was developed for the determination of tiamulin (TML), 14-deoxy-14-[(2-diethylaminoethyl)-mercaptoacetoxy]mutilin hydrogen fumarate, a semisynthetic derivative of the naturally occurring antibiotic pleuromutilin produced by the fungus Pleurotus mutilis. This drug, with high activity against Gram-positive bacteria, some Gram-negative bacteria, and several strains of mycoplasms is administered to animals in food, drinking water, or by injection; however, its chemical structure causes problems in analysis of feeds. Although the molecule is charged below pH 8, attempts to analyze TML-containing extracts on ion-exchange columns or other polar stationary phases have failed. Additionally, TML shows no fluorescence activity and only poor UV activity. The present method consists of organic solvent extraction followed by liquid chromatography with UV detection. A low wavelength (208 nm) was used for detection. Limits of detection and quantitation, as well as data for recovery and repeatability obtained during characterization of the method, are described. The applicability of the optimized method was tested by analyzing commercial blank feeds processed after TML-medicated feeds.
A ntibiotics are used in farm animals to promote growth, treat disease (therapeutic use), and prevent disease (prophylactic use). Therapeutic use of antimicrobial drugs is essential for maintaining animal health. Diseases in animals are often treated, not by administration of the drug in a conventional unit dosage, but rather by addition of the drug (liquid and/or solid medicated premix) to animal feed. Tiamulin (TML) is usually added as veterinary medicinal components in solid form during swine feed production. However, this way of production poses a serious cross-contamination problem between medicated feeds and nonmedicated blank feeds in the same production line. To overcome this problem, a well-defined and standardized screening method is required for the determination of TML content in feeds at low mg/kg level.
The hydrogen fumarate of TML, 14-deoxy-14-[(2-diethylaminoethyl)-mercaptoacetoxy]mutilin hydrogen fumarate (CAS No. 55297-96-6), is a semisynthetic antibiotic derived from the naturally occurring antibiotic pleuromutilin produced by the fungus Pleurotus mutilis. It is a limited spectrum antibiotic, highly active in vitro against staphylococci, streptococci, and mycoplasma, as well as isolates of Treponema hyodysenteriae, which is the primary causal agent of swine disentery. Mycoplasma treatment is particularly frequent in pigs infected with M. hyopneumoniae and is the reason for the use of significant amounts of antimicrobials. Mycoplasma is an infective agent distinct from bacteria and viruses; the products used to treat mycoplasma infections include tetracyclines, tylosin, TML, and lincomycin. Because of its stability, crystalline structure, and water-soluble properties, TML is ideally suited for administration to swine in feed, drinking water, or by injection (1) . TML toxicity is dose-dependent and depends on interactions with other medications (2, 3); it is quantitatively determined in medicated formulations and feeds by thin-layer (4) and liquid chromatography (LC; 5-9), although it can also be determined by gas chromatography after appropriate derivatization (10, 11) or by the use of sensors based on membrane electrodes (12) .
This study focuses on how to determine TML in feeds at low mg/kg levels, because TML is being used increasingly as a drug in animal feeds (13) (14) (15) (16) (17) . Our objective was to develop improvements to Method III, the FDA-approved method (7), and modifications of this method (9) to increase sample throughput. We significantly reduced the time necessary for single extraction, thereby making it possible to shorten the centrifugation step by minimizing emulsions between phases. We propose a rapid and interference-free LC method developed for quality control by feed producers who use TML. The method detects cross-contamination of nonmedicated feeds that are produced after TML-medicated feeds in the same production line. The description of the method is accompanied by a detailed characterization of its performance.
Experimental

Chemicals
(a) Solvents.-Methanol, acetonitrile, ethyl acetate, and hexane were supplied by Merck (Darmstadt, Germany) and were of analytical and LC grade. Distilled water was purified with an ion exchange-activated carbon filter system (Milli-Q, Millipore Corp., Bedford, MA).
(b) Reagents.-Anhydrous sodium carbonate and ammonium carbonate were supplied by Panreac (Barcelona, Spain). Tartaric acid was supplied by Riedel-de Haën (Seelze, Germany).
(c) Standards.-TML fumarate vetranal (99.9%) standard was purchased from Sigma Chemical Co. (St. Louis, MO). Its purity was tested by the chemical supplier by LC and nuclear magnetic resonance. Stock solutions (ca 1000 mg/L) of TML were prepared by dissolving in water. The stock solutions were stored in 4 mL vials at 4°C in the dark. The stock solution was stable for at least 2 months. From the stock solution, calibration samples were freshly prepared every day as necessary by spiking blank feeds at levels ranging from 5 to 15 mg/kg to construct a 7-point calibration line (peak area vs concentration).
Disposables
Polypropylene extraction vials (250 mL) from Nalgene (Rochester, NY) and 25 mm nylon filtering membranes (0.45 mm) from Tracer (Barcelona, Spain) were used.
Feed Samples
Four TML-medicated feeds and 4 nonmedicated feeds, processed after the medicated feeds in the same production line, were obtained from a feed retailer. Once open, samples were kept under refrigeration for a maximum of 1 month.
LC and Other Apparatus
All LC measurements were taken with a Thermo Separation Products P100 binary pump, equipped with Thermo Separation Products AS1000 autosampler, SCM1000 vacuum membrane degasser, and UV2000 UV detector. The chromatographic data were collected and processed with the Chrom-Card (Thermo Separations Products, Italy) software.
A Heidolph up-and-down shaker (Kelheim, Germany), Beckman J2-HS centrifuge (Fullerton, CA), Heidolph WB 200 vacuum rotary evaporator, and Selecta ultrasonic bath (Barcelona, Spain) were used.
Extraction Procedure
A representative portion of the TML-medicated feed sample (20 g) was mixed with 1% (w/v) aqueous solution sodium carbonate (100 mL) to liberate TML from the solid matrix, and was then extracted with 100 mL ethyl acetate-hexane (1 + 3, v/v). Extraction was performed by shaking at 250 rpm for 10 min with an up-and-down shaker, and phases were separated by centrifugation at 10 000 rpm for 10 min, keeping the temperature at 10°C. A representative subsample (70 mL) of the organic extract was taken almost to dryness under rotary evaporation at 40°C, and the residue was redissolved into 0.1% (w/v) aqueous solution tartaric acid (2 mL) by ultrasound. The new solution (50 mL) was filtered before LC analysis.
LC Operation
The optimized instrumental parameters for chromatographic analysis of TML were as follows: extracts (50 mL) were injected into 5 cm´4.6 mm id stainless steel guard column packed with 40 mm Pelliguard LC-18 (Supelco, Geneva, Switzerland), connected to a 15 cm´4.6 mm id stainless steel analytical column packed with Ultracarb 5 mm octadecyl silane (ODS) 30% C (Phenomenex). TML eluted under isocratic conditions at ambient temperature with methanol-acetonitrile-1% (w/v) ammonium carbonate (50 + 25 + 25, v/v) in ultrapure water as mobile phase. The mobile phase flow rate was constant at 1.5 mL/min. Detection was performed at 208 nm (range, 0.02; rise time, 2 s).
Results and Discussion
Method Optimization
From the standard stock solution (1000 mg/L), 200 mL was spiked into different fractions (20 g) of the same blank feed to reach a TML level in feed of 10 mg/kg. Six different feed matrixes were studied: those for breeding pigs, piglets, and growing pigs; feeds for use before and during pig fattening; and those for pigs with diarrhea. No interferences were found, and recovery rates were not significantly different. To avoid co-extraction of matrix interferences, we significantly reduced the time necessary for single extraction from 3 h (9) to 10 min, making it possible to shorten the following centrifugation step by minimizing emulsions between phases. Recovery of TML separated from the matrix by centrifugation was the same at 4000 rpm/20 min (n = 3) and at 10 000 rpm/10 min (n = 3), according to the 2-tailed paired t-test. The latter conditions, which were quicker, were then selected.
The need for ultrasound was fundamental for redisolution of the residue obtained after rotary evaporation of the organic extract. Experiments were performed in triplicate, and spiked Accuracy ± short-term precision, 5 mg/kg (n = 3)
Recovery, % ± RSD, % 84.2 ± 3.8
Accuracy ± long-term precision, 5 mg/kg (n = 9)
Recovery, % ± RSD, % 84.6 ± 8.0
Detection capabilities (n = 5) LOQ, mg/kg 4.9
LOD, mg/kg 2.5
samples were left overnight before proceeding with extraction, centrifugation, and evaporation. In one test set, redissolution was made without ultrasound and in the other by means of ultrasound, increasing recovery by a factor of 2 in the latter case. The screening LC method optimized for the quality control department of feed producers uses inexpensive mobile phase components [methanol, acetonitrile, and 1% (w/v) aqueous ammonium carbonate]. These components are compatible with atmospheric pressure ionization techniques of mass spectrometry, which may be needed as a confirmation procedure to identify the separated peak as TML, distinguishing it between other drugs.
Method Characterization
The analytical method performance was evaluated by following the rules established by the International Cooperation on Harmonization of Technical Requirements for Registration of Veterinary Medicinal Products (18, 19) .
(a) Specificity.-TML peak was consistently symmetrical under the chromatographic conditions developed in this study. The retention time for TML was 11.6 min. The presence of this antibiotic in each feed sample was confirmed by recording its absorption spectra between 200 and 380 nm and comparing it with that obtained previously in the standard samples.
(b) Accuracy and precision.-For accuracy and precision studies, samples were spiked (5 mg/kg), extracted, and analyzed 3 times (n = 3). Accuracy was calculated as the recovery %, and short-term precision or repeatability as the relative standard deviation % (RSD %). To correct for the 84% absolute recovery, calibration was performed with the line obtained, submitting fortified blank feeds to the complete sample treatment and analysis. Consequently, relative recovery was about 100%, because all standard-spiked blank feed samples (for calibration and for recovery estimation) were processed in the same way and the absolute recovery remained constant. The long-term repeatability was calculated as the RSD % of 9 repeated extractions and analysis of standard-spiked feed samples (5 mg/kg, n = 9) during 3 different days (n = 3 each) for 2 weeks (Table 1) .
(c) Linearity.-Calibration samples, ranging from 5.0 to 15.0 mg/kg for TML in feeds (n = 7), were prepared separately by appropriate spiking of stock solutions in feeds, and were extracted and analyzed under optimized conditions. The linearity of the method was evaluated by plotting the calibration curves of the area versus the concentration of the analyte, and the intercept did not differ significantly from zero. The graphs displayed good linearity over the range examined (20) , and the determined levels in the samples matched the certified concentration in the medicated feeds (Table 1) .
(d) Detection capabilities.-Limits of detection (LODs) and quantitation (LOQs) were determined by injections of 7 different fractions of blank feeds. The LOQs and LODs were evaluated by repeated extraction and analysis of blanks (n = 7). The LOQs and LODs, calculated as the concentration showing a signal of 5-and 3-fold multiple of the standard deviation of the blanks, were experimentally verified by spiking blank feeds at those levels with TML (Table 1) .
(e) Convenience.-Simultaneous extraction and centrifugation of 6 samples was performed in 20 min, the organic extract evaporation step was performed at the rate of 10 min per sample. With high-throughput chromatography by means of an automatic injector, total procedure time per sample was 45 min.
(f) Stability.-The stability of the TML-medicated feeds was examined over 2 months in the dark at 4°C. Compound instability was not observed over this period.
Feed Screening for TML
Feed samples were extracted and analyzed in duplicate for determination of TML by following the sample procedure described earlier. The drug in samples was quantified by interpolation of the antibiotic response on the standard-spiked sample calibration curve.
Four TML-medicated feeds and 4 nonmedicated feeds, processed immediately after the medicated feeds in the same production line, were extracted and analyzed. TML concentrations for the 4 TML-medicated feeds are shown in Table 2 . The 4 nonmedicated feeds, for breeding and growing pigs, and produced after the TML-medicated feeds, contained TML at levels higher than the method detection limit (2.5 mg/kg) but lower than the method quantitation limit (5 mg/kg) as a result of cross-contamination (Figure 1 ).
Conclusions
The proposed method, based on solid-phase extraction followed by LC-UV, is a simple, specific, and inexpensive method for determining TML in feeds at low mg/kg levels. Quality parameters of the method yielded good linearity, detection level, repeatability, and accuracy with no interferences from matrixes of a wide variety of feeds.
The method for extraction and analysis of TML presented addresses cross-contamination issues that arise when nonmedicated swine feeds are produced after TML-medicated feeds in the same production line. To overcome this problem, different production lines could be used, or the antibiotic could be added by spraying the veterinary medicinal component in liquid solution on to granulated feed. The method is useful for higher sample throughput and to accommodate different feed matrixes. 
